In this study, a new solid embeddable Ag/AgCl reference electrode (RE) was electrochemically investigated for corrosion monitoring in reinforced concrete. The electrode was fabricated by applying the cement mortar as the bottom layer, and the polymer gel as electrolyte. Several electrochemical methods were applied. The experiments were carried out in simulated concrete solutions and concrete. Furthermore, an exposure period over 1 year was used to evaluate the stability of the electrodes embedded in concrete. It has been found that the electrode potential was not obviously affected by the chloride concentration, but affected by the pH value of solution. The Ag/AgCl RE had uniformity in concrete environments. The reversibility of Ag/AgCl RE in all solutions is only within +4 mV. Besides, potentiodynamic tests revealed that the Ag/AgCl RE had a high exchange current density, which was advantageous when using Ag/AgCl RE to conduct resistance tests. Galvanostatic application of 0.2 µA/cm 2 caused little variation of potential with time (~30 mV in several days), indicating the presence of a finite polarization resistance. As a result, the new solid Ag/AgCl RE was suitable as a sensor electrode for concrete structures.
Introduction
Nowdays reinforcement concrete is the most widely used material in civil engineering on the earth, with consumption above dozens of billions of tons. The concrete industry has become the basis of the modern society. However, concrete is not free of severe degradation problems such as reinforcement corrosion, concrete physical deterioration (cracking, frost, fire, etc.) and chemical deterioration (sulphate attack, acid attack, sea weather attack, alkaliaggregate reaction, leaching, etc.). 1, 2 Among them, corrosion of rebars in reinforcement concrete is viewed as a major problem in the maintenance of the structural integrity of structures.
Steel reinforcements embedded in reinforced or pre-stressed concrete bridges and structures need continuous monitoring because of their susceptibility to corrosion. Since the corrosion of reinforcement rebars in concrete is electrochemical in nature, therefore, various electrochemical techniques are being adopted to monitor reinforcement corrosion, such as half-cell potential, linear polarization and electrochemical impedance spectroscopy. 3 In all these cases continuous monitoring of the half-cell potentials of embedded steel becomes a prerequisite. Such a situation calls for a stable and rugged reference electrode (RE), which can be permanently embedded in concrete as close as to the embedded steel so as to generate reliable data. Monitoring and control of corrosion of reinforcement steel in concrete requires reliable measurement of electrode potentials. 4 Use of reference electrode in concrete presents several challenges. Conventional electrodes such as the glass membrane electrodes are not fit for in situ measurements at the steel/concrete interface due to the very high alkaline environment at the interface and their fragility. The standard hydrogen electrode (SHE) is the most accurate reference electrode and is reference to the other reference electrodes. However, the SHE is not convenient to use, and saturated calomel electrode is usually used in laboratory. 5 But the calomel electrodes and other mercury-mercury electrodes are formed from mercury, therefore any leakage can result in pollution. A good embeddable reference electrode must have several conditions: stable, invariant to chemical and thermal changes, capable of passing small currents with a minimum of polarization and hysteresis effects and so on. Reference electrodes used in concrete structures are described by several authors. 6, 7 The ASTM C876 specifies the use of Cu/CuSO 4 as reference electrode for measurement of rebar potential in concrete. 8 However, the leakage of copper sulphate solution can cause contamination of concrete, and the IR drop within the concrete cover can also lead to erroneous consequence. Duffo and Farina 9,10 have used the metal-metal oxide (MMO) activated titanium rod (ATR) as the reference electrode in concrete, nevertheless, the potential of this reference electrode depended on the pH and became less reproducible after almost 1 year in mortar. Castro 10 and Duffo 11 both reported that the graphite electrodes are sensitive to oxygen partial pressure. Muralidharan 3 chose MnO 2 as a sensor material due to the stability of MnO 2 in alkaline environment and reported that MnO 2 reference electrode shows perfect uniformity, good reliability as well as good reversibility in simulated concrete pore solutions. But the MnO 2 sensor performance in concrete need further testing.
For many years, the study of silver/silver chloride (Ag/AgCl) electrode has been a hot topic. Gurusamy 12 investigated the longterm performance of Ag/AgCl electrodes in concrete over a period of 4 years and reported a mean potential difference of 30-35 mV with respect to saturated calomel electrode (SCE) in 3% CaCl 2 contaminated concrete. Climent-Llorca 13 reported the possibility of using Ag/AgCl wire electrodes as in situ sensors of chloride concentration in concrete, which was studied by embedding them in a series of mortar specimens with different admixed sodium chloride (NaCl) contents. They showed a sensitive potentiometric response to Cl ¹ concentrations. Besides, the Ag/AgCl reference electrode (RE) had internal potassium chloride (KCl) solution, which the Ag/AgCl electrode was embedded in to get a stable potential. However, traditional Ag/AgCl RE used the porous ceramic as the permeating layer, which had a drawback of continuous exudation of the KCl internal solution. The exudation of KCl is one of the most important parameters for reliable performance of traditional Ag/AgCl 6, 19 it should be rugged and maintenance-free, and have desirable micro-reversibility, negligible liquid junction potential, adequate stability and reliability when compared to a standard reference electrode such as SCE. Besides, it should be capable of being embedded under any orientation, and should not lead to undersirable contamination of surrounding concrete.
The aim of the present study was to fabricate a new Ag/AgCl RE which possessed KCl inner solution mixed with water retention polymer. The water retention polymer could effectively prevent the leakage of inner solution and the dissolution of AgCl coating. In addition, we used a large water-cement ratio mortar instead of the porous ceramic as the bottom layer. Such a bottom layer has a pH value of 13.0, which corresponds to that of pore solution in concrete. So, the electrode can keep a good balance with the surrounding environment of concrete. This investigation addressed performance of the material for short-and long-term absolute potential determination, with emphasis on the open-circuit behavior of the electrodes. The polarizability of the Ag/AgCl RE, the effect of sodium chloride (NaCl) additions, and the temperature also were studied.
Materials and Methods

Fabrication of Ag/AgCl reference electrode
Silver rod with 99.98% purity was used. All the silver segments, which were cut from one silver rod, had the same length of 8.5 cm. The anodic polarization with constant current density was applied to produce silver chloride on the surface of silver segment. The configuration of Ag/AgCl RE is shown in Fig. 1 . Ag/AgCl RE was fabricated in the laboratory as follows:
Step-1: First, a hole with the depth of 1 mm was drilled at one end of each silver segment. After this, a copper wire was wrapped inside the hole. Subsequently, the hole to the end of segment was sealed with silica gel, leaving 8 cm long silver segment exposed. Exposed area was about 7.536 cm 2 .
Step-2: Prior to the anodizing process, the electrode was immersed in acetone for 5 minutes to remove surface oil. Then it was immersed in 5% mass fraction nitric acid (HNO 3 ) for 1 minute and immersed in absolute ethyl alcohol with ultrasonic oscillation for 10 minutes; at last, the electrode was rinsed with distilled water. Then the electrode was anodized galvanostatically with a current density of 0.1 mA/cm 2 in 0.1 M hydrochloric acid (HCl) for 1 hour. After anodizing, the electrode was kept in 0.1 M KCl solution out of direct sunlight with a small amount of AgCl powder.
Step-3: 3.725 g KCl was added in 500 ml double-distilled water to get 0.1 M KCl solution, then the solution was heated to 80 degree. After that, the solution was changed into gel-solution with addition of 50 g carboxymethyl hydroxyethyl cellulose in that degree.
Step-4: A rugged 10 cm long PVC pipe was used as the shell of the reference electrode, a 1 cm thick cement paste layer was placed in the bottom of the pipe. Then the KCl gel-solution was poured into the pipe in which the Ag/AgCl electrode was inserted. Last but not least, the top of PVC pipe was sealed with silica gel.
Tests in aqueous solutions
All reagents used in our work were analytical grade. For the electrochemical measurements, the fabricated Ag/AgCl RE, cylindrical platinum foil and SCE were connected to serve as working electrode, counter electrode and as reference electrode, respectively. All the electrochemical tests were performed with an Princeton Applied Research (PAR) STAT 2273 Potentiostat. If not specified, all the potentials were monitored using a SCE as reference and all tests were carried out at room temperature (25°C). Commercial Ag/AgCl reference electrode (INESA Scientific InstrumentCo., Ltd., China).
Open-circuit potential measurements 2.2.1.1 Stability test
The pH value of a fresh concrete is 13.5-12.5, approximately. Along with the carbonation process, the pH value of the concrete pore solution drops, however, the pH value of concrete pore solution can be not lower than 7. In our work, aqueous buffer solutions whose pH values vary from 13.5 to 6.86 were used. The solutions abbreviations, compositions and pH values are given in Table 1 . The solution E, the so-called simulated concrete pore solution (SPS), and solution D, the saturated Ca(OH) 2 solution (SCS) accounted for the pH of a fresh concrete. Solution C had a lower pH value and was chosen to account for a carbonated concrete; while solution B and A were chosen to investigate the effect of lower pH values. What's more, the effect of pH values on the potential of Ag/AgCl RE was investigated.
When the potential of Ag/AgCl RE was stable in SCS, we did the test in other solutions. The potential of the Ag/AgCl RE was investigated for about five weeks. Moreover, we test the potential evolution of commercial reference electrodes in the five solutions for five weeks too.
Reliability test
A newly fabricated Ag/AgCl RE was placed in the saturated Ca(OH) 2 solution. Inserted another Ag/AgCl RE in the same test solution. Besides, the potential of commercial Ag/AgCl reference electrodes was also investigated for about five weeks in SCS. 
Effect of chloride concentration test
The chloride ion content of fresh concrete is very little, but the content will increase rapidly such as using de-icing salt in winter. In the present work, different amounts of chloride ions were added into the saturated Ca(OH) 2 In addition, we also test the influence of chloride concentration on the potential of commercial electrodes.
Effect of temperature test
The heat released by cement hydration is considerable, so the temperature of new mixing concrete is high, but the temperature will continue to drop when the hydration is finished until equaling to outside environment. In our work, we chose several temperatures that were 0, 5, 15, 25, 35, 45°C, respectively. The testing solution was still saturated Ca(OH) 2 solution.
Polarization measurements
Potentiodynamic polarization measurements were performed in all solutions A-E. The potentiodynamic condition corresponded to a potential sweep rate of 1 mV/s and potential ranges of ¹80 to +80 mV from the open circuit potential (OCP). It should be noted that time intervals of 15-20 minutes were given for the system to get a stationary state and the OCP was observed.
Cyclic polarization measurements adopted a similar process as above. The potentiodynamic condition corresponded to the potential sweep rate of 0.1 mV/s and potential ranges of ¹20 to 20 mV from the OCP. The experiment was run for two cycles. The difference in the shifting of potential from the first cycle and the second cycle was recorded.
Galvanostatic polarization tests were performed with Ag/AgCl RE in saturated Ca(OH) 2 solutions. A cathodic direct current (DC) of 0.2 µA/cm 2 was applied to the Ag/AgCl RE for 6 days. After this, current was interrupted, and the Ag/AgCl RE was allowed to recover to their initial OCP.
Tests in concrete
The concrete specimen with the size of 10 © 10 © 10 cm was fabricated. Its w/c ratio was 0.6. The chloride ions were introduced in concrete by adding sodium chloride into the mixing water. The added contents of chloride ions were 1.0%, 2.0% and 3.0% by mass of cement. Besides, The control specimen without the addition of chloride addition was also prepared.
Each concrete specimen was embedded with a carbon steel, a Ag/AgCl RE and an auxiliary electrode of titanium. The diameter of the carbon steel was 1 cm and the length of the steel was 5 cm. It should be noted that the reference electrode and the titanium electrode were all placed near to the steel. 20 These specimens were cast and cured for two weeks before the test.
Results and Disscusion
Uniformity test of Ag/AgCl reference electrodes
The Ag/AgCl RE potential evolution with time in saturated Ca(OH) 2 solution is indicated in Fig. 2 . In this experiment, 8 numbers of Ag/AgCl REs manufactured in different batches were made and tested in SCS. It can be seen that, the potentials of electrodes become stable after about three weeks. Among them, three electrodes show ¹65 mV, two electrodes show ¹60 mV and others show ¹69 mV. The maximum variation observed is only «5 mV vs. SCE and this difference in potential is almost negligible, indicating that Ag/AgCl reference electrodes show uniformity in concrete environments under laboratory condition. Figure 3 showed the potential evolution with time of the fabricated and commercial Ag/AgCl REs immersed in solutions A-E. The electrochemical stability of the Ag/AgCl RE was investigated with respect to SCE for the exposure period of five weeks. Interestingly, fabricated Ag/AgCl reference electrodes (Fig. 3a) in all five solutions showed stable behavior after two weeks. The stability of the Ag/AgCl RE was lasted after two weeks (Fig. 3b ) stabilized shortly (7/8 days) after immersion in the test solutions. The fabricated electrodes were only several days later to get stable potential than commercial ones. Here it was concluded that the fabricated electrodes maintained the good stability in concrete environments.
Stability test of Ag/AgCl reference electrode
Effect of pH values-According to, 10,11 the effect of pH values on potential of MMO electrode is great and the Ag/AgCl electrodes shows the lower standard deviation than the MMO and Graphite electrodes. Figure 3a indicated that the potential of fabricated electrodes was affected by the pH values of solutions. The potential at pH = 6.86 was highest. The potential at pH = 13.5 was 15 mV lower than pH = 6.86 and the potential at pH = 9.18 was 20 mV lower than pH = 10. The potential at pH 12.5 is about 40 mV lower than potential at pH = 6.86, which is the lowest of all 5 levels. The reason was attributed to the fact that pH 12.5 is similar to the pH of the bottom layer of the reference electrode. Figure 3b showed the potential of commercial electrodes was also influenced by pH values. The potential was highest at pH 6.86 and the potential was lowest at pH 12.5. However, the potential of commercial electrodes at pH 12.5 was also 35 mV lower than pH = 6.86. In a word, the influence of pH value on the potential of commercial electrodes was similar to the fabricated electrodes.
Nevertheless, there was no clear trend between the potential of electrodes and the pH values of solutions, which need further experiments and investigation.
Reliability test of Ag/AgCl reference electrodes
The reliability of Ag/AgCl RE was testing in saturated Ca(OH) 2 solution (SCS) too. Here it was observed that as expected the potential difference between the two Ag/AgCl electrodes was found to be vary small. The maximum potential difference was «3 mV. This indicates that the reliability of all the Ag/AgCl reference electrodes was found to be excellent. Figure 4 shows the potential evolution of fabricated electrodes and commercial Ag/AgCl reference electrodes in SCS for about five weeks. The potential of commercial electrodes is earlier than fabricated electrodes to become stable. The potential of fabricated electrodes is about 20 mV lower than the commercial electrodes, which can be attributed to the inherent membrane potential of cement mortar layer. 21 The potential of fabricated electrodes get stable condition soon and last a long time like the commercial electrodes, which indicates that the fabricated electrodes have good reliability.
Effect of Cl
− concentration The potential of fabricated Ag probe coated with AgCl on its surface exhibits a linear relationship with the logarithm of chloride activity, 13, 20, [22] [23] [24] [25] which is widely used as a selective chloride electrode. The equilibrium at the surface is
and, the equilibrium potential is given by Nernst equation
which, at room temperature (T = 298 K) and for n = 1 becomes
According to Eq. (3), the potential of Ag probe coated with AgCl should be lager with the chloride concentration becomes less and the potential was sensitive to chloride concentration. Figure 5 shows the potential varies of fabricated and commercial reference electrodes with the chloride activity. On the contrary, the potential of Ag/AgCl RE became smaller with the decrease of the activity of chloride. And when the chloride concentration is lower than 0.1 M, the potential changed very little. The potential of commercial electrodes at 0.001 M was 15 mV lower than the potential of 1 M, but the potential of fabricated electrodes at 0.001 M was only 22 mV lower than the potential of 1 M. It can be clearly found that the Ag/AgCl RE is not sensitive to chloride concentration. In other words, the chloride activity has little effect on the potential of the reference electrodes. The explanation is that the Ag probe with a coat of AgCl is immersed in gel electrolyte and the bottom is layer of cement paste, which isolates the Ag probe with the external environment. Figure 6 shows the change of Ag/AgCl reference electrode potential with temperature in SCS. The curve revealed a linear response, with a coefficient of 0.9980, the slope was 0.266 which was in good agreement with the value 0.22 mV/°C according to Yang. 
Effect of temperature
Potentiodynamic polarization test
Results of the potentiodynamic polarization tests are shown in Fig. 7 . The experiments were done twice in order to get the same results. According to, 26, 27 exchange current density can be calculated from Eq. (4): 
The exchange current density characterize the capacity of polarization resistance. Brossia and Kelly 25 used the micro-polarization tests to determine the exchange current density of Ag/ AgCl(Methanol) electrode which was found to be 30 µA/cm 2 , an acceptably high exchange current density for a reference electrode. The exchange current density of Ag/AgCl RE in concrete environments derived from the potentiodynamic polarization curves is given in Table 2 . The trend of exchange current density in all five solutions is sequenced in the order: pH = 12.5 > pH = 6.86 > pH = 13.5 > pH = 10 > pH = 9.18. Here it was observed that, the exchange current density was largest at pH 12.5, the reason may be attributed to that the pH of bottom layer of electrodes was near to 12.5. The exchange current density was second largest at the lowest pH and the third largest exchange current density was at the highest pH. However, the solutions whose pH values were close to neutral had the minimum of exchange current density. The minimum of exchange current density was 65 µA/cm 2 that was two times as large as 30 µA/cm 2 , which proved the sensor has good ability of resisting polarization. Besides, Duffo 11 reported the potentiodynamic polarization tests of Ag/AgCl electrodes showed that an anodic peak was observed only at pH 13.5, this anodic peak was probably due to the formation of some solver oxides. [28] [29] [30] However, our Ag/AgCl reference electrodes show little hysteresis in potentiodynamic polarization testes and no an anodic peak is observed.
Cyclic sweep behaiour of Ag/AgCl reference electrodes
The reversibility characteristics of the Ag/AgCl reference electrodes in concrete environments were investigated by cyclic sweep method. The typical cyclic sweep curves of Ag/AgCl electrode in all solutions with different pH values are given in Fig. 8 . Moreover, the differences of potentials between the first and second polarization at pH = 13.5, 12.5, 10, 9.18 and 6.86 are 1.6, 3, 3.8, 2.1, 1.0, respectively. The maximum difference between the first and second cycle is 3.8 mV and the minimum difference is 1.0 mV, these differences in potential are tolerable for reference electrodes used in concrete. Cyclic polarization behaviour of Ag/AgCl electrodes in concrete environments is good and the trend in the existence of the reversibility of the Ag/AgCl reference electrode in five solutions is as follow: pH = 6.86 > pH = 13.5 > pH = 9.18 > pH = 12.5 > pH = 10.
Galvanostatic polarization
Results of the galvanostatic test are shown in Fig. 9 . The potential of the Ag/AgCl reference electrode shifted about 30 mV and showed little hysteresis when the current was applied, besides, it recovered immediately after the interruption of the current. Figure 10 shows the Ag/AgCl reference electrode potentials as a function of time about a year, when exposed to four different conditions (chloride concentrations in concrete were 0, 1%, 2%, 3%, respectively). At the first month of test, all the potentials were increasing about 30 mV which could be attributed to the pH values increase in concrete. The potential then reduced to a stable value, it's not difficult to note that the potentials increase with the higher concentration of chloride ions, but the potential of 1% chloride concentration is near to 2% and 3% chloride. The potential of 1% chloride concentration is only 20 mV lager than the potential without chloride. The potential of graphite electrodes embedded in mortar immersed in NaCl was 100 mV lower than the ones embedded in mortar in laboratory environment. 11 So we conclude that the chloride concentration has little influence on the potential of the Ag/ AgCl reference electrodes. The potentials of electrodes were kept stable over a year which proved our reference electrodes can be used in concrete as reliable reference electrodes. The real-time potentials of steels in concrete can be tested easily and quickly by the reference electrodes embedded near the steels which can eliminate the effect of concrete on the half-cell potential testing method.
Tests in concrete
Mechanistic aspects of reference electrodes in concrete environments
The electrochemical stability of reference electrodes in simulated concrete environments was measured with respect to saturated calomel electrode. The stability of the any reference electrode depends on the measure of the activity of the reactive species. So all the reference electrodes depend on how far they maintain the stability and the stability depends on the activity of the electrode element. In the case of Ag/AgCl the galvanic-coupling between the reference electrode and the embedded rebar in concrete is a measure of the AgCl/Cl ¹ equilibrium potential and Fe/Fe 2+ . The half-cell potential of Ag/AgCl is a complex function of the reduction state of AgCl. But the potential being determined by AgCl/Cl ¹ equilibrium potential. In Ag/AgCl reference electrodes, the AgCl has gotten a equilibrium potential with the internal electrolyte, thus, one of the most advantage of the electrode is chloride-free. The electrolytic contact of electrode to the concrete environments is through the bottom layer which is made up of diffusion barrier of cement paste gives a good protection to the electrode unlike other electrodes made up of glass or ceramic. This will give a good bond to the concrete. The liquid junction potential across this interface is very minimum because of the pH is nearly the same in the bottom layer and in the concrete. This will expect not to develop any junction potential at the layer/concrete interface, if this electrode is used in the field. Last but not least, through one year, almost no internal gel electrolyte leaked from this reference and the potential lasted stable state. The internal electrolyte gel can effectively prohibit the electrolyte from leaking. The superiority of this reference electrode is very compact, low leakage rate of internal elecrolyte, easy to use in the field, chloride-free and mercury-free sensor for concrete structures.
Conclusion
In conclusion, a new solid embeddable Ag/AgCl reference electrode (RE) was electrochemically investigated for corrosion monitoring in reinforced concrete. The electrode was fabricated by applying the cement mortar as the bottom layer, the polymer gel as electrolyte. This fabricated electrode had the uniformity and good reliability in saturated Ca(OH) 2 solution. The electrode proved to be stable and reliable sensor electrode in concrete environments. Moreover, the chloride concentration had little influence on the potential and the potential showed a linear relation with temperature. But the potential was affected by the pH value of solution. The potentiodynamic polarization («80 mV) test for the Ag/AgCl reference electrode in solutions indicated high exchange current density confirmed the better performance of resisting polarization. Cyclic polarization («20 mV) test for the electrode in the same solutions showed a maximum difference of 3.8 mV between the forward and reverse scans which certified the good reversibility of the reference electrode in concrete environments. Galvanostatic application of 0.2 µA/cm 2 in electrode for several days caused little variation of potential (³30 mV), which indicated the presence of a finite polarization resistance and good reversibility of the reference electrode. Testing in concrete indicated the reference electrode was stable over a year and can be used to identify the real-time potential of steel which was near the reference electrode. Electrochemistry, 82 (12) , 1040-1046 (2014) 
